Abstract. The objective of this study was to synthesize anhydride prodrugs for carboxylic-acid-bearing agents such as non-steroidal anti-inflammatory drugs, shield the carboxylic acid group from irritative effects, and obtain sustained release patterns. Ibuprofen was used as a representative drug for anhydride derivatization. Conjugates of ibuprofen with carboxylic acid moieties of different acrylic polymers were prepared by dehydration reaction using acetic anhydride. Products were characterized by infrared spectroscopy, nuclear magnetic resonance, and scanning electron microscopy followed by preparation of microspheres with different sizes from the conjugate Eudragit® L-100-ibuprofen. The drug release was monitored by high-performance liquid chromatography. Ibuprofen was bound to the polymers via an anhydride bond in high reaction yields (75-95%) with drug loading of up to 30% (w/w). These anhydride derivatives hydrolyzed and release the drug at different periods ranging from 1 to 5 days, depending on the hydrophobicity and the cross-linking of the conjugates. The release of drug from the microspheres was correlated to their size and ranged from 2 to almost 8 days. This study demonstrates the promise of anhydride prodrug for extending drug action while shielding the carboxylic acid group.
INTRODUCTION
A wide variety of compounds having carboxylic acid groups are biologically active, for example, the non-steroidal anti-inflammatory drugs, such as ibuprofen, naproxen, indomethacin, and diclofenac. The presence of free acid groups in these compounds produces local irritation on interaction with mucosal tissues, and at the same time, they ionize at physiological pH, which makes the drug poorly absorbed through biological membranes (1) .
The general approach to overcome these limitations is esterification of the carboxylic acid groups to produce nonirritating prodrug forms, provided that the parent bioactive agent can be released from the prodrug at its sites of activity (2) . However, several aliphatic and aromatic esters of carboxylic acid drugs are not sufficiently labile in vivo to ensure a sufficiently high rate and extent of prodrug conversion (3, 4) . As a result, plasma enzymes may not hydrolyze there esters fast enough to obtain the necessary conversion of the ester to the free acid (5) . In another consideration, ester derivative prodrugs have been found cleavable enzymatically to release their bioactive forms and, thus, are dependent on the enzymatic activity, which may vary among individuals or even in the same individuals at various times during the day or in various sites where the drug is administered. This fact may result in a large variation of drug bioavailability (6, 7) . To overcome the aforementioned limitations, anhydride derivatives of carboxylic-acid-bearing drugs are suggested.
Unlike the ester bond used in prodrugs, the anhydride bond is more susceptible to hydrolysis to its carboxylic acid counterparts in a predictable rate and pattern and is less sensitive to enzymolysis than the esters or amides (8) . Studies on polyanhydrides as drug carriers show that they degrade in a controlled manner and are biocompatible with the human body tissues (9) . Interestingly, not much attention has been given to the formation of prodrugs based on the hydrolytically degradable anhydride bonds, although biodegradable polymers based on these bonds have been developed and used as erodible carriers for drugs both in animals and in humans (10) .
Our previous study (11) focused on the synthesis of mixed anhydrides of ibuprofen with various fatty acids for improved bioavailability. It was found that anhydride conjugated drugs having longer alkyl chain provide higher absorption through lipid-water membrane. In addition, this anhydride prodrug approach can be applied for manipulating the release rate of a free drug by using different types of fatty acids.
Polyacrylic acid (PAA)-based polymers are largely used in various technological applications due to their viscoelastic properties, bioadhesiveness, safety, and easy administration. They can be found in drug delivery systems (12) , mucoadhesive forms (13) , synthesis of nanoparticles by the sol-gel method (14) , and in ophthalmic and vaginal preparations (15) , to name a few of their diverse applications. Eudragit® L 100 and Eudragit® S 100 are anionic copolymers based on methacrylic acid and methyl methacrylate. The ratio of the free carboxyl groups to the ester groups is approximately 1:1 in Eudragit® L 100 and approximately 1:2 in Eudragit® S 100. Their average molecular weight is approximately 135,000. Eudragit acrylic resins are widely used in enteric coated and controlled release formulations due to their pHdependent solubility (16, 17) .
The objective of this work was to design a prodrug that relies on anhydrides of ibuprofen with carboxylic-acid-bearing polymers. These prodrugs are predicted to be less irritating to stomach or intestinal mucosal membranes and can be used for various topical dosage forms.
MATERIALS AND METHODS

Materials
Ibuprofen was a gift from Ethyl Corp. (NJ, USA). Acetic anhydride was purchased from Aldrich (Milwaukee, WI, USA). PAA with M w of 2,000 and 5,000 Da and phenolphthalein solution and polyvinyl alcohol (PVA, 30-70 kDa) were purchased from Sigma-Aldrich (Rehovot, Israel). Eudragit® S-100 and L-100 were purchased from Rohm Pharma (GmbH, Germany). Cross-linked polyacrylic acid (Carbopol 934) was obtained from Goodrich Co., Ltd. (Cleveland, OH, USA). All solvents were analytical grade from Biolab (Jerusalem, Israel) and were used as received.
Synthesis of Mixed Anhydrides
Linear Polymers
Polymer powder (1 g) and ibuprofen (0.25 g) were refluxed in acetic anhydride (10 mL) under dried nitrogen atmosphere for 3 h followed by evaporation of the acetic anhydride using an oil pump (0.3 mmHg at 70°C). The products were dissolved in dichloromethane and precipitated from dry diethyl ether. The final product was received after drying in a desiccator for 6 h.
Cross-linked Polymer
Cross-linked PAA (1 g) and ibuprofen (0.25 g) were refluxed in acetic anhydride (10 mL) and dichloromethane (10 mL) for 6 h followed by evaporation of the acetic anhydride using an oil pump (0.3 mmHg at 70°C). The dry residue was washed several times with dry diethyl ether to remove access of ibuprofen symmetric anhydride. Then, the powder was left to dry in a desiccator for 3 h. Cross-linked PAA-based anhydride was received as off-white powder.
Preparation of Ibuprofen Anhydride
Ibuprofen (10 g) was refluxed in acetic anhydride (100 mL) for 3 h followed by the evaporation of acetic anhydride to dryness, and the residue was distilled under vacuum (0.3 mmHg at 70°C) to yield (70%) a viscous liquid of symmetric ibuprofen anhydride.
Characterization
Quantitative analysis of carboxylic acid groups was determined by dissolving 0.25 g of each of the polymers in sufficient amount of water (Eudragit® S-100 and L-100 were dissolved in 3:1 DDW/ethanol solution) followed by titration with 0.1 volumetric solution of sodium hydroxide using phenolphthalein solution as indicator. After a blank titration was performed to each of the solvents, the amount of free carboxylic acids was calculated.
Infrared (IR) spectroscopy (Perkin-Elmer System 2000 FT-IR) was performed on polymers and conjugates. Conjugates were measured on NaCl plates using dichloromethane as solvent. Each sample was recorded between 4000 and 500 cm −1 by 16 scans. H-NMR spectra were recorded on a Varian 300-MHz instrument using DMSO-D6 or CDCl 3 as solvents. Values were recorded as parts per million relative to internal standard (TMS). Drug loading was detected after hydrolyses in 1 N NaOH for 24 h. The free drug content was detected by high-performance liquid chromatography (HPLC) at 270 nm.
Ibuprofen Analysis
Quantitative analysis of ibuprofen was performed by HPLC using a C18 Lichospher 100 column (Merck, Dorstadt, Germany, 250×4 mm, 5 μm) using a 70:30 (v/v) mixture of acetonitrile/water and 0.2% phosphoric acid as mobile phase at a flow rate of 1 mL/min. Ibuprofen was detected by UV at 270 nm, and its typical retention time was 4.9 min.
In Vitro Release of Ibuprofen
Thirty milligrams of each conjugate was suspended in a vial containing 30 mL of 0.1 M, pH 7.4, phosphate buffer. The vials were incubated at 37°C with constant shaking at 75 rpm. At time intervals, each vial was centrifuged at 3,000 rpm for 5 min and samples (100 μL) from the releasing medium were withdrawn for HPLC analysis. The withdrawn volume was replaced with fresh buffer followed by resuspending before continuing incubation. The results are a mean of three experiments.
Preparation of Microspheres
Ibuprofen-loaded microspheres were produced from Eudragit L-100 anhydride conjugate loaded with 4.2% (w/w) ibuprofen. One hundred milligrams of the conjugate was dissolved in 1 mL dichloromethane. The solution was dispersed in 300 mL of 1% (w/v) aqueous solution of PVA (pH 2). The resulting emulsion was stirred for 3 h at 750 rpm by a mechanical stirrer. Microspheres were then collected by centrifugation and dried at room temperature under vacuum until required for use.
In a second assay, conjugate of the same batch was dissolved in dichloromethane (100 mg in 1 mL). This was then emulsified in an aqueous phase (300 mL, pH 2) of a 1% (w/v) solution of PVA using a homogenizer Silverson L4R (Silverson Machines, Ltd., Bucks, UK) at 8,000 rpm for 30 min. Emulsion was left to mix by a magnetic stirrer in a hood for additional 3 h before centrifugation, collecting the microspheres and drying at room temperature under vacuum. Ibuprofen content was over 90%.
Characterization
The morphology of microspheres was analyzed by scanning electron microscopy (SEM, Quanta 2000). Before the examination, the surfaces were coated with a thin layer of gold so as to improve the conductivity and prevent charging.
Microsphere diameter and distribution size were calculated using Image Analyzer software (Digimizer -MedCalc Software, Mariakerke, Belgium).
The release pattern of each of the microspheres was analyzed as described in "In Vitro Release of Ibuprofen."
Statistical Analysis
Statistical comparisons of the findings were made by oneway analysis of variance. Comparison of means was performed by the least significant difference test. Data analysis was performed using a statistical software package (Instat; GraphPad Software, San Diego, CA, USA). The significance level was set at p<0.05.
RESULTS AND DISCUSSION
Synthesis of Mixed Anhydrides
The common way of producing anhydride bonds is by activating the carboxylic acid with acetic anhydride [18] . Mixed anhydrides of ibuprofen and carboxylic acid moieties of acrylic polymers were synthesized from the corresponding polymers in acetic anhydride for 3 h (Fig. 1) . All mixed anhydrides were solid at room temperature. The anhydride parameters are summarized in Table I .
The production yields of the anhydride conjugate were between 73% and 95% for the 1:0.25 polymers to drug feed a Calculated after hydrolysis in 1 N NaOH followed by drug detection by HPLC b Calculated after quantitative analysis of carboxylic acid groups of each of the polymers followed by titration with 0.1 volumetric solution of sodium hydroxide using phenolphthalein solution as indicator ratio. As can be seen in Table I , increasing the ratio of drug to polymer considerably decreases the yield and increases the drug loading and the drug to carboxylic acid ratio. The rank order of drug loading was PAA > cross-linked PAA > Eudragit® L-100 > Eudragit® S-100, corresponding to the amount of carboxylic acids in the polymer, its solubility, and the M w of the polymers. The percentage of drug loading and the ibuprofen to carboxylic acid ratio increases as drug concentration increases in the reaction. For the PAA with M w of 2,000, ibuprofen Characterization Figure 2 shows the IR spectra of ibuprofen, PAA-2000, and their mixed anhydride containing 7.8% ibuprofen. It can be seen that while the IR spectra of the drug and the polymer show carbonyl absorbance at 1,710 cm −1 , the mixed anhydride demonstrate anhydride absorbance at 1,800 and 1,780 cm −1 . Additionally, the stronger carboxylic acid absorbance of the parent polymer at 3,500-2,500 cm −1 comparing to the weak peak of the conjugate confirms anhydride bond formation. Similar results were also reported by Jiang et al. (19) . The 1 H-NMR spectra of ibuprofen and conjugate from ibuprofen and PAA-2000 are shown in Figs. 3 and 4 , respectively. While the spectrum of the conjugate correlates with the NMR data of the free ibuprofen, its carboxylic acid's hydrogen peak at 11.6 ppm was not observed, suggesting the formation of anhydride.
When ibuprofen was exclusively refluxed in acetic anhydride (10 mL) followed by the evaporation of the acetic anhydride, a yield of 75% was obtained. This symmetric ibuprofen anhydride product was received as a viscous liquid soluble in ether. Similar to the spectra of the conjugate, its NMR spectra (not shown) revealed the disappearance of the carboxylic acid's hydrogen at 11.6 ppm. This symmetric ibuprofen anhydride had the following parameters: IR, (cm 
Release of Ibuprofen
The release properties of ibuprofen from these mixed anhydrides were examined in vitro in a 0.1 M, pH 7.4, phosphate buffer at 37°C. As can be seen in Fig. 5 , the release rate of ibuprofen was a function of the polymer chain length, hydrophilicity, and cross-linking. Typically, 80% of the drug was constantly released for 14 h from the ibuprofen-PAA 2000 derivative, whereas only 35% from the Eudragits L-100 and the cross-linked PAA during the same time period. PAA 2000 and 5000 showed similar pattern of release with a total release of the ibuprofen within 30 and 38 h, respectively. In the same manner, the Eudragit copolymers showed comparable patterns with release of almost 90% of the drug content within 5 days. Microspheres prepared from the same conjugate as in a with a diameter of b 5 and c 100 μm A comparison study of these anhydrides in buffer pH 2 was also performed; however, no ibuprofen could be monitored (representative PAA-2000 mix anhydride in pH 2 is shown in Fig. 5 ). This can be explained by the slower anhydride hydrolysis (20, 21) and the poor solubility of ibuprofen in acidic solutions (11) .
Preparation of Microspheres, Characterization, and Release
Ibuprofen-loaded microspheres were produced using conjugate of Eudragit L-100 loaded with 4.2% (w/w) ibuprofen. The technique involved oil-in-water emulsion followed by the solvent evaporation method (22) . Particle size decreased from 90.1±1 to 5±0.3 μm with the increase of stirring speed from 750 to 8,000 rpm, respectively. SEM photomicrographs of the conjugate and its microspheres are depicted in Fig. 6a-c. Figure 6a represents the conjugate before the formation of microspheres. It can be seen that the particles present nodular cluster morphology with varying density networks. On the other hand, microspheres made from the same conjugate are spherical and smooth, as seen in Fig. 6b , c. Figure 7 shows the drug release profiles from the conjugate and the microspheres. The drug in 5-μm microspheres was rapidly released within 2 days. This was likely due to the increased surface-to-volume ratio of the smaller particles. Non-microspheric conjugates moderately sustained the drug release to 5 days, whereas 100-μm particles could prolong to almost 8 days.
The results obtained suggest that anhydride-based prodrugs may overcome some of the problems of carboxylic-acidbearing drugs mentioned in "INTRODUCTION". First, protecting the carboxylic function can be temporarily masked by anhydride bond to overcome stomach and mucosal irritation. Secondly, this approach can be applied for extended action/release of acidic drugs after administration to the eye, skin, vagina, or oral intake where these polymers are already widely used. Thus, using these polymers is ideal due to their contribution to various systemic and topical delivery systems.
CONCLUSIONS
This work provides a simple synthetic method for producing anhydride-based conjugates of carboxylic-acidbearing drugs and carboxylic-acid-bearing polymers. In this approach, the release rate of a free drug can be manipulated using different types of polymer and/or by controlling the particle size. For systemic or localized delivery via oral administration, a sustained release of drug can be obtained with the only degradation byproduct being commonly used biocompatible biopolymer. Nevertheless, chemical and physical stability in biological relevant media as well as clinical studies are required in order to assess the healing potential of these conjugates. Further in vitro and in vivo evaluations are required to investigate the therapeutic potential of the above-described anhydride-based drug conjugates.
